Cholera toxin can catalyze ADP-ribosylation of cytoskeletal
 proteins by unknown
Cholera Toxin can Catalyze ADP-Ribosylation
of Cytoskeletal Proteins
MATERIALS AND METHODS
410
HARVEY R . KASLOW, VINCENT E . GROPPI, MARY E . ABOOD, and HENRY R . BOURNE
Division of Clinical Pharmacology, Departments of Medicine and Pharmacology, and the Cardiovascular
Research Institute and Department of Microbiology, University of California, San Francisco,
California 94143
ABSTRACT
￿
Cholera toxin catalyzes transfer of radiolabel from [32P]NAD+ to several peptides
in particulate preparations of human foreskin fibroblasts . Resolution of these peptides by two-
dimensional gel electrophoresis allowed identification of two peptides of M r = 42,000 and
52,000 as peptide subunits of a regulatory component of adenylate cyclase . The radiolabeling
of another group of peptides (M r = 50,000 to 65,000) suggested that cholera toxin could
catalyze ADP-ribosylation of cytoskeletal proteins . This suggestion was confirmed by showing
that incubation with cholera toxin and [32P]NAD+ caused radiolabeling of purified microtubule
and intermediate filament proteins .
Cholera toxin activates synthesis of cyclic 3',5'-adenosine
monophosphate (cAMP) by catalyzing ADP-ribosylation of a
regulatory component of adenylate cyclase (1-3) . This com-
ponent, variously termed G/F (4),G (5), orNt (6), is required
for regulation oftheenzyme by hormones,guanine nucleotides,
and cholera toxin. When [32P]NAD+ is used as the substrate
for the toxin, 'P-radiolabeled peptides can be separated by gel
electrophoresis and detected by autoradiography. This tech-
nique has led to identification of two peptide subunits, ofM r
= 42,000 and 52,000, of the N component(s) (1-3) . In some
preparations, however, the toxin causes ADP-ribosylation of
other peptides, not known to be involved in regulation of
adenylate cyclase (1-3, 7) . The radiolabeling of these peptides
by cholera toxin must involve some degree of specificity,
because they arenotradiolabeled in proportion to their relative
abundance in tissue extracts . We have sought to identify some
of these peptides .
Human foreskin fibroblasts (1127 1`), obtained from the Tissue Culture Facility,
University of California, San Francisco, Calif, were maintained in plastic 150
cm' flasks in Dulbecco's Modified Eagle's Medium with 4.5 g/1 glucose and 10%
fetal calfserum . Postconfluent cultures(seventh to twelth passage) were routinely
subcultured by trypsinization into four new flasks at l0-d intervals, or were
harvested by trypsinization for preparation of particulate extracts, as described
(8) . S49 mouse lymphoma cells were cultured as described (9) . Proteins were
' Abbreviations: N, guanine nucleotide-binding regulatory component
of adenylate cyclase ; PIPES, piperazine-NN'-bis(2-ethanesulfonic
acid) ; SDS, sodium dodecyl sulfate ; MAPs, microtubule-associated
proteins; IFP, intermediate filament protein; Gpp(NH)p, R-f-imido-
guanosine 5'-triphosphate .
metabolically labeled with [3'S]methionine (1,000 Ci/mmol, Amersham Corp.,
Arlington Heights, Ill.) as described (10) .
Fibroblastcytoskeletonscontaining actin filamentsand intermediate filaments
were prepared by a modification ofdescribed methods (11) . Confluentfibroblasts
in 35-mm plastic dishes were washed with 0.1 MPIPES, pH 6.9, 0.5 MM MgC12 ,
and 0.1 mM EDTA (stabilization buffer) . Membrane and cytosol proteins were
extracted by incubating with 0.5% Triton X-100 (Sigma Chemical Co., St . Louis,
Mo.) in stabilization buffer for I min, and washing three times with stabilization
buffer. Allsolutions were kept at 30°C . The cytoskeleton preparations were then
incubated for 30 min at 30'C with 300 Al stabilization buffer containing 50 AM
[ 32P]NAD (10 Ci/mMol), 1 mM GTP, 0.4mM ATP, and, when appropriate, 50
g/ml DTT-treated cholera toxin (12). The preparation was then aspirated,
washed with stabilization buffer, aspirated free ofthe buffer, and solubilizedwith
100 Al of 5% S-mercaptoethanol (vol/vol), 7.5% glycerol (wt/vol) and 1% SDS
(wt/vol) .
Microtubule protein was radiolabeled by incubating the purified protein at 1
mg/ml in 200mM sodium phosphate, pH 6.8, 2mM GTP, 0.4mM ATP, 10mM
thymidine, 12 mM arginine-HCI, and 40 AM ["P]NAD (10 Ci/mMol) and 50
/AS/ml DTT-treated cholera toxin (12) . The incubationwas terminatedbydiluting
5 Al ofthe reaction mixture with 5 Al 2% SDS, 20% fl-mercaptoethanol, and 15%
glycerol .
Two-dimensional electrophoresis of these samples was done using a modifi-
cation (8) ofthe O'Farrell method (13). A charge shift ofone unit is arbitrarily
defined as the distance a peptide moves due to phosphorylation in comparable
pH ranges of two-dimensional gels of S49 cell proteins (10) . No radiolabeled
peptides were detected if cholera toxin was omitted from incubations.
Purified microtubule protein from chicken brain was a gift from Dr. Qui-Lin
Choo andDr. MarcW . Kirschner ofthe Department ofBiochemistry, University
of California, San Francisco, Calif ., as described (14, 15) . PIPESand NAD'ase
(N9629) were from Sigma Chemical Co. Other methodsand the sources of other
materials have been described (8, 16).
RESULTS
Cholera toxin catalyzed the transfer of radiolabel from
[32P]NAD+ to several peptides in particulate extracts ofhuman
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with [32P]NAD+ and cholera toxin, and then subjected to equilib-
rium two-dimensional gel electrophoresis . Extracts were from hu-
man foreskin fibroblasts (H27F,4) that were cultured either under
control conditions (A) or with cholera toxin (1 gg/ml, 16 h) (B)
before preparation of the extract. In each panel the first (isoelectric
focusing) dimension runs from basic (left) to acidic (right) ; the
second dimension shows migration (from top to bottom) in SDS-
polyacrylamide gel electrophoresis . Extracts from cells metabolically
labeled with [aaS]methionine were added to each sample before
electrophoresis, to serve as markers . The upward-pointing arrow
indicates 31S_labeled actin (M r=45,000) . Spots corresponding to the
Mr, 42,000 and 52,000 peptidecomponents of the regulatory subunit
of adenylate cyclase (N) are indicated by small downward-pointing
arrows . In panel B, the 32P spot thought to be the satellite of IFP is
indicated by a, and the two subunits of tubulin by b and c .
foreskin fibroblasts.'Ofthose peptides resolved by two-dimen-
sional gel electrophoresis, two sets (indicated by small arrows
in Figure 1A) appear to be subunits of the N component of
adenylate cyclase . Their size (Mr = 42,000 and 52,000) and
charge were similar to those ofN peptides previously charac-
terized in S49 mouse lymphoma cell membranes (8, 17) . The
cause of the charge heterogeneity of these peptides in human
fibroblasts, like that in the mouse cells (8, 17), is unknown .
A second group of labeled peptides focused at substantially
more acidic pH, with M r ranging from 50,000 to 65,000 (Fig.
1 A andB) . These 32P-labeledpeptides were resolved abouttwo
acidic charge units away from a constellation of relatively
abundant proteins, thought to include intermediate filament
protein (IFP) and tubulin, that stained with Coomassie blue .
An acidic charge shift of two units is consistent with ADP-
2To demonstrate that this transfer of
32p was not the result of nonen-
zymatic addition of free ADP-ribose to protein, we conducted the
following experiment : Cytoskeletons and microtubule proteins were
incubated for 30 min at 30° with [32P]NAD+ (25PM)and either (a)no
addition (control), (b) NAD+ase (140 mU/ml), (c) heat-treated
NAD+ase, or (d) cholera toxin (100 iLg/ml) . Aliquots were electropho-
resed, and labeled proteins were detected only in the sample containing
the toxin . Cholera toxin was then added to the first three fractions and
the incubation continued for another 30 min. Only the sample contain-
ingNAD+ase failed to incorporate label into proteins . The controland
heat-treated NAD+ase samples were nearly identical.
ribosylation ofa basic group on the peptide . Coomassie Blue
stained anumber of other abundant peptides (staining pattern
not shown), including actin ; these peptides were not radiola-
beled, nor were they associated with labeled, acidic-shifted
satellites .
The location of the "P-labeled peptides suggested that they
included the cytoskeletal proteins IFP andtubulin . The follow-
ing results support this hypothesis .
When purified microtubule protein was incubated with
[ssP]NAD+ and cholera toxin, radiolabeled spots (Fig . 2B)
were resolved in positions that corresponded to thoseofseveral
peptides labeled in particulate fibroblast extracts (Fig . 1). The
32P-labeled proteins focused at a position two charge units to
the acidic side of the unlabeled protein (Fig . 2) . Several pep-
tides in the purified microtubule protein preparation not easily
detected in the Coomassie Blue-staining pattern (Fig . 2A),
were also radiolabeled by incubation with toxin and
[32P]NAD+ (Fig. 2B) . Two of these spots were also seen in
autoradiograms of particulate preparations (compare Figs . 1
and 2) . The higher molecular weight protein migrated to a
position characteristic of tau, a specific microtubular associated
protein (MAP) . The lower molecular weight peptide may be a
degradation product of tubulin or a MAP.
Mild detergent extraction of a fibroblast monolayer can
leave a cytoskeletal network of pure IFP and actin attached to
the dish (11) . When such cytoskeletons were incubated in situ
with cholera toxin and [32P]NAD+, 32p was detected in IFP,
but not in actin (Fig. 3) . As in the experiments with purified
extracts and purified microtubule protein, the'P-labeled pep-
tide was shifted approximately two acidic charge units away
FIGURE 2
￿
Coomassie Blue-staining pattern (A) and autoradiogram
(B) of purified microtubule protein incubated with [32P]NAD+ and
cholera toxin, and then subjected to equilibrium two-dimensional
gel electrophoresis . For details, see Fig . 1. Arrows were drawn on
the gel (A) with '4C-ink pointing to stained peptides, and exposed
the autoradiogram (B) . These arrows designate, to increasing migra-
tion in SIDS : tau, and the a,, a2-81, and a2 subunits of tubulin . The
curved arrow points to another labeled peptide: a similar peptide is
seen in Fig . 1 .
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41 1from the Coomassie Blue-stained IFP. A small amount of
stained protein was resolved one acidic charge unit from the
major Coomassie Blue-staining peptide of IFP . This protein
was probably phosphorylated IFP (10). No label was detected
in a position two acidic charge units from phosphorylated IFP
(Fig . 3) . Thus, phosphorylation of IFP may block ADP-ribo-
sylation.
In experiments involving both types of purified proteins
(microtubule and intermediate filaments), we consistently
failed to detect any cholera toxin-induced shift of Coomassie-
stained protein. Thus, the conditions used for ADP-ribosyla-
tion described in this report led to ADP-ribosylation of only a
small portion of the incubated protein.
Does cholera toxin ADP-ribosylate cytoskeletal proteins in
intact cells? We addressed this question with two types of
experiments. First, we exposed fibroblasts to cholera toxin (1
,ug/ml) for 16 h before harvesting and preparation ofparticulate
extracts. As previously shown in S49 cells (3), this treatment
prevented labeling of theMr = 42,000 and 52,000 subunits of
the frbroblast N protein during subsequent incubation of par-
ticulate extracts with [32P]NAD+ and cholera toxin (Fig . 1 B) .
Presumably cholera toxin filled the available ADP-ribosylation
sites, using nonradioactive cellular NAD+ as substrate, before
particulate extracts were prepared. Exposure of intact fibro-
blasts to cholera toxin did not, however, affect subsequent
toxin-catalyzed incorporation of radiolabel into the acidic
group of Mr = 50,000 to 65,000 peptides (Fig . 1 B) . Thus,
exposure of cells to cholera toxin did not fill all ADP-ribosy-
lation sites of these peptides .
FIGURE 3
￿
Coomassie Blue-staining pattern (A) and autoradiogram
(8) of acytoskeleton preparation from H21F,4 fibroblasts incubated
in situ with [32P]NAD+ and cholera toxin, and then subjected to
equilibrium two-dimensional gel electrophoresis . For details, see
Fig . 1 . Thearrows point to proteins detected by Coomassie Blue and
were drawn on the gel (A) in 14C_ink . The lower arrow points to
actin . The upper two arrows point to IFPon the left and phosphor-
ylated I FP on the right . The 14C_ink exposed theautoradiogram, and
serves to show the relationship of the"P-peptides to the Coomassie
Blue-stained peptides . The 32p-spots to the left of the arrow pointing
to actin areprobably dueto"P-labeled adenylate cyclase . This type
of contamination was seen only once in four experiments, but is
shown because it serves to allow a better comparison to the auto-
radiograms shown in Fig . 1 .
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Nonetheless, the possibility remained that a small but poten-
tially biologically relevant fraction ofthese peptides wereADP-
ribosylated by cholera toxin in intact cells . In a second series
of experiments (not shown), we looked for charge shifts in
these peptides caused by cholera toxin in human fibroblasts
and S49 kin- cells, using metabolic labeling with [35S]methio-
nine . Fibroblasts simultaneously exposed to ["S]methionine
and cholera toxin (1 hg/ml, 4 h) showed increased labeling of
a spot one chart unit to the acidic side of IFP . This label
probably represents phosphorylated IFP, as shown in S49 cells
(10) . No increase in 35S was detected, however, in the positions
corresponding to any of the 82P-labeled satellites of the cyto-
skeletal proteins . To eliminate charge shifts caused by cAMP-
dependent phosphorylation, we also studied a cell that lacks of
cAMP-dependent protein kinase, the S49 kin- variant (18) .
The kin variant accumulates cAMP in response to cholera
toxin, but fails to show any of the charge shifts caused by
cAMP activation of cAMP-dependent kinase in wild type S49
cells (10) . Cholera toxin caused no detectable charge shifts in
the [seS]methionine autoradiograms ofkin cells . Thus we have
found no evidence that cholera toxin ADP-ribosylates cyto-
skeletal proteins in intact cells .
DISCUSSION
Our results indicate that cholera toxin can catalyze the ADP-
ribosylation of cytoskeletal proteins in broken but not in intact
cells. Nonetheless, the existence of these sites suggests that
endogenous enzymesmayADP-ribosylate cytoskeletal proteins
and regulate their polymerization-depolymerization reactions .
What functional consequences result from ADP-ribosylation
of cytoskeletal proteins? Knowledge of regulation ofadenylate
cyclase by cholera toxin suggests one possibility . GTP supports
both polymerization of microtubule proteins (19) and activa-
tion of adenylate cyclase (20). Hydrolysis-resistant analogs of
GTP, such as Gpp(NH)p, act as effective but not equivalent
substitutes for GTP in both systems (19, 21) . Cholera toxin
activates adenylate cyclase by inhibiting an associated GTPase
activity, thus allowing GTP and Gpp(NH)p to activate the
enzyme in a similar fashion (22) . Thus, ADP-ribosylation of a
cytoskeletal protein may inhibit a GTPase, and make the
effects ofGTP more closely resemble those ofGpp(NH)p .
In addition, cholera toxin may exert effects on cells that are
not mediated by CAMP . For example, recent data indicate that
the toxin stimulates mitogenesis of 3T3 cells by a mechanism
that does not involve cAMP (23) . If so, then ADP-ribosylation
ofN by the toxin may have effects in addition to activation of
adenylate cyclase, or ADP-ribosylation of other peptides may
mediate the toxin's effect . Cytoskeletal proteins remain as
potential substrates for the toxin in mediating its cAMP-inde-
pendent action(s), even though we have failed to detect ADP-
ribosylation of these proteins in intact cells.
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